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g t ,,™ M *r.,IMINPH OXYNITPTDF BASED ARTICLE 
WITH IHPROVED_Fg/— ™"™"ESS AND STRENGTH 

This application contains subject matter related to 
matter disclosed and claimed in commonly assigned co- 
pending Canadian Patent Application No. 591.219-9. filed 
concurrently herewith. 

This invention relates to fracture and abrasion 
resistant material, and to articles o£ manufacture made 
therefrom. More particularly, it is concerned 
aillcon aluminum oxynitride-ba.ed ceramic bodies exhibit- 
ing both improved fracture toughnee. and improved 
strength. 

The need for structural materials for cutting tool 
applications, with improved toughness and improved 
strength at room and elevated temperatures, and with 
ch.mi«- inertness, ha. generated a widespread interest 
in ceramic material. «. candidate, to fulfill these 
requirem.nts. Conventional ceramic cutting tool mate- 
rial, have failed to find wide application, primarily due 
to their low fracture toughness. 

Therefore, many material, have been evaluated to 
improve ceramic performance, .uch a. silicon 
oxynitrid.-b.sed monolithic and composite material, for 
cutting tool application.. 

Silicon aluminum oxynitride-ba.ed ceramic, have also 
b een considered for use a. atructur.l component. 
advanced turbine engine.. A critical factor which limit, 
the widespread application of these materials in such 
heat engine. 1. their tendency to catastrophic 
Accordingiy. improvement in strength and fracture tough- 
ness of these material, would improve their performance 
in the demands heat engine environment, contributing 

ik 
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a more rapid development of these high performance 
turbine engines. 

Many improvements have been made in the toughness, 
abrasion resistance, high temperature strength and 
chemical inertness, but the stringert conditions encoun- 
tered by heat engine components and cutting tools demand 
even further improvement in material characteristics. In 
many applications, for example in gray cast iron machin- 
ing, silicon aluminum oxynitride tool wear has been found 
to be dominated by abrasion. Even at cutting speeds as 
high as 5000 sfm, chemical reac tions between tool and 
w orkpiece are negligible in comparison . It has been 
found that abrasion resistance for silicon aluminum 
oxynitride ceramic cutting tool materials is directly 
proportional to K 1Q 3/4 H 1/2 , where K IC is the fracture 
toughness and H is the hardness. Therefore, it is 
anticipated that further improvement in the fracture 
toughness of silicon aluminum oxyni tride-based ceramic 
materials could bring about significant increases in both 
reliability and abrasive wear resistance, providing 
materials for cutting tools with now and improved charac 
teristics . 

Attempts have been made to increase the fracture 
toughness of silicon aluminum oxynitride materials 
through the development of a composite, in which dis- 
persed particulate, fiber, or whisker materials are 
included in a silicon aluminum oxynitride-based matrix. 
The added complexity of composites, however, -~?> n result 
in improvements in fracture toughness at the expense of 
strength. The present invention provides new and im- 
proved monolithic and composite silicon aluminum A 



improved fracture toughness and improved strength. J 
The wear-resistant silicon aluminum oxynitride-based 
bodies of the invention are also useful in other wear 
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part and structural applications, for example in dies, 
nozzles, etc. 

According to one aspect of the invention, there is 
provided a densified silicon aluminum oxynitride-based 
ceramic body of improved fracture toughness and improved 
strength comprising: a first phase consisting 
essentially of silicon aluminum oxynitride grains having 
an aspect ratio of about 1-10 and an equivalent diameter 
of about 0.25-10 microns, wherein if the aspect ratio is 
less than about 1.5 the equivalent diameter is at least 
about 0.4 microns and if the equivalent diameter is less 
than about 0.4 microns the aspect ratio is at least about 
1.5; and an intergranular , bonding, silica-based second 
phase comprising silica and one or more suitable oxide 
densif ication aids; wherein the ceramic body is formed 
from a starting formulation comprising a silicon aluminum 
oxynitride component selected from the group consisting 
of prereacted silicon aluminum oxynitride and silicon 
nitride plu3 alumina, and about 0.5-12% by weight of the 
one or more densi f ication aids, based on the combined 
weight of the one or more densif ication aids and the 
silicon aluminum oxynitride component; and the ceramic 
body has a fracture toughness of at least 5.0 MPa'm and 
a modulus of rupture of at least 700 MPa. 

The ceramic body according to the invention option- 
ally further includes refractory whiskers or fibers 
having an aspect ratio of about 3-150, uniformly distrib- 
uted in the ceramic body. The equivalent diameter nf the 
whiskers or fibers is greater than that of the silicon 
aluminum oxynitride grains. The starting formulation 
comprises the silicon aluminum oxynitride component, the 
one or more densif ication aids, and about 10-50% by 
volume refractory whiskers or fibers, based on the total 
volume of the ceramic body. 
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In accordance with another aspect of the ivnention, 
there i3 provided a process for producing a densified 
silicon aluminum oxynitride-based ceramic body of 
improved fracture toughness and improved strength 
comprising the step of: densifying a blended powder 
mixture comprising a silicon aluminum oxynitride 
componer t selected from the group consisting of 
prereacted silicon aluminum oxynitride and silicon 
nitride plus alumina, and about 0.5-12% by weight of one 

10 or more suitable oxide densif ication aids, based on the 
combined weight of the one or more densif ication aids and 
the silicon aluminum oxynitride component, in a nitrogen 
or inert atmosphere at about 1650-1850*C and about 
3-30,000 psi, for a time sufficient to produce a ceramic 
body comprising* a first phase consisting essentially of 
silicon aluminum oxynitride grains having an aspect ratio 
of about 1-10 and an equivalent diameter of about 0.25-10 
microns, wherein if the aspect ratio is less than about 
1.5 the equivalent diameter is at least about 0.4 microns 

20 and if the equivalent diameter is less than about 0.4 
microns tho aspect ratio is at least about l.Si and an 
intergranular , bonding, silica-based second phase 
comprising silica and the one or more densi f ication aids; 
and having a fracture toughness of at least 5.0 MPfi'm* 1 
and a strength of at least 700 MPa. 

In the process according to the invention, the 
blended powder mixture densified in the densifying step 
optionally further includes about 10-50% by volume of 
30 refractory whiskers or fibers having an aspect ratio of 
about 3-150, based on the total volume of the ceramic 
body. The equivalent diameters of the whiskers or fibers 
and the silicon aluminum oxynitride component in the 
starting formulation, and the dens i ficat ion time are 
selected to produce the densified ceramic body in which 
the equivalent diameter of the whiskers or fibers is 
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greater than that of the silicon aluminum oxynitride 
grains . 

According to other aspects of the inention, thrjrt 
are provided methods according to the invention for 
continuous or interrupted machining of grey cast iron 
stonk or nickel-based superalloy stock involve milling, 
turning, or boring the etock with a cutting tool com- 
prising a densified silicon aluminum oxynitride-based 
ceramic body having a fracture toughness of at least 5.0 
MPa'm* 5 and a modulus of rupture of at least 700 MPa. The 
ceramic body includes a first phase consisting 
essentially of silicon aluminum oxynitride grains having 
an aspect ratio of about 1-10 and an equivalent diameter 
of about 0.25-10 microns, and an intergranular , bonding, 
silica-based second phase comprising silica and one or 
more suitable oxide densif ication aids. In the first 
phase, if the aspect ratio or les3 than about 1.5 the 
equivalent diameter is at least about 0.4 microns and if 
the equivalent diameter is less than about 0.4 microns 
the aspect ratio is at least about 1.5. The ceramic body 
ie formed from a starting formulation comprising a 
silicon aluminum oxynitride component selected from 
prereacted silicon aluminum oxynitride and silicon 
nitride plus alumina, and about 0.5-12% by weight of the 
one or more denaif ication aids, based on the combined 
weight of the one or more densif ication aids and the 
silicon aluminum oxynitride component. The machining 
speed for the grey cast iron stock is about 800-6000 sfm, 
and the feed rate is about 0.01-0.04 in/rev. The 
machining speed for the nickel-based euperalloy stock is 
about 200-1500 sfm and the feed rate is about 0.005-0.04 
in/rev. 

For a better understanding of the present invention, 
together with other and further objects, advantages and 
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capabilities thereof, reference is made to the following 
disclosure and claims. 

The densified silicon aluminum oxynitride-baaed 
ceramic bodies of the present- Invention comprise silicon 
aluminum oxynitrlde grains bonded together by 
granular phase of a silica-based material. The silica ^ is 
normally present in the silicon nitride component of the 
starting formulation, or in the prereacted silicon 
aluminum oxynitrlde. The silica content of the inter- 
10 granular phase nay be controlled in Xnown manner by the 
addition of aluminum nitride to the starting formulation. 

The oxide densification aids are also present in the 
Intergranular phase. The preferred densification aid is 
yttria. included in the starting formulation in an amount 
of about 2-6% by weight based on the combined weight of 
the silicon aluminum oxynitrlde and the densification 
aids The yttria may be used alone or in combination 
with other suitable densification aids, present in the 
starting formulation in an amount of about 0.5-12* by 
20 weight. Optionally, the other suitable oxide densifi- 
cation aids may be included In the starting formulation 
without the yttria. The densification aid. or combina- 
tion of deification aids is selected to optimize 
properties desired in the ceramic body, for example high 
temperature strength, chemical resistance, or fracture 
toughness. Such other suitable oxide densification aids 
include, but are not limited to magnesia, cerla, 
zirconla, and hafnia. The total amount of densification 
aids included in the starting formulation preferably 
30 should not exceed 12% by weight. 

impurities may be present In the starting materials 
used for the manufacture of the ceramic body. The 
impurities tend to become concentrated in the intergran- 
ular phase during preparation of the ceramic body 
Therefore high purity starting materials -re 
preferably those having less than about 0.1% by weight 
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cation impurities. A typical undesirable impurity is 
calcium, which tends to deleterious ly affect the second 
phase and the high temperature properties. 

The monolithic ceramic bodies described above have a 
microstructure of silicon aluminum oxynitride grains 
bonded together by a continuous, bonding, intergranular 
second phase formed from the densifying additive. 
Because the intergranular second phase is continuous, its 
characteristics profoundly affect the high temperature 
10 properties of the monolithic ceramic material. The 
monolithic ceramic bodies of the present invention 
possess high fracture toughness and high strength at 
temperatures in excess of 1200«>C, preferably in excess of 
1500°C. 

in another aspect of the present invention whiskers 
or fibers of hard refractory silicon carbide or a transi- 
tion metal carbide, nitride, or carbonitride , or mixtures 
or solid solutions thereof are dispersed in a two-phase 
matrix. By the term transition metal carbide, nitride, 
20 or carbonitride, as used throughout this specification 
and claims, is meant any carbide, nitride, or carbo- 
nitride of titanium, hafnium, tantalum, niobium, or 
tungsten. 

The hard refractory whiskers incorporated into 
materials in accordance with this invention each comprise 
a single crystal, whilo the fibers are polycrystalline . 
The whiskers or fibers preferably have an average diame- 
ter of about 1-5 microns and an average length of about 
10-250 microns, with a preferred aspect ratio of length 
30 to diameter of about 3-150. 

These dispersoids may be coated if desired with a 
different hard refractory material deposited as one or 
more polycrystalline layers on the fiber or whisker. 
Suitable coatings for the silicon carbide whiskers or 
fibers include refractory oxides and nitrides. Those for 
the metal carbide, nitride, or carbonitride dispersoids 
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include refractory oxides, nitrides, or carbides. Such 
coated dispersoids may be selected to optimize bulk (e.g. 
mechanical) properties and surface (e.g. chemical) 
properties of the dispersoid materials in the matrix. 

The useful life and performance of composite bodies 
in accordance with this aspect of the invention depend, 
in large part, on the volume taken up by the dispersed 
phase in the article. The whiskers or fibers should 
comprise about 10-50% by volume of the densified 
composite . 

in accordance with the principles of the present 
invention, the hard refractory dispersoids are uniformly 
distributed in a two-phase matrix. The first phase of 
the matrix consists essentially of grains of silicon 
aluminum oxynitride, as described above for the mono- 
lithic ceramic body not including the whiskers or fibers. 
The intergranular phase or second phase of the matrix is 
formed from one or more densif ication aids, as also 
described above. The degree of purity of the material* 
used in the starting formulation for the composite 
ceramic bodies of the invention is as described above for 
the monolithic bodies. 

The composite ceramic bodies described herein have a 
composite microst ructure of refractory whiskers or fibers 
uniformly dispersed in a matrix containing a first phase 
of silicon aluminum oxynitride grains and a continuous, 
bonding, intergranular second phase formed from the 
densifying additive. Because the intergranular phase is 
continuous, its characteristics profoundly affect the 
high temperature properties of the composite material. 
The composite ceramic bodies of the present invention 
possess high fracture toughness and high strength at 
temperatures in excess of 1200 ft C, preferably in excess of 
1500*C 

Ceramic bodies formed from the densified monolithic 
or composite materials according to the present invention 
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„,„y be coated with one or more adherent layers ot hard 
refractory materials, tor example by known chemical vapor 
deposition or physical vapor deposition techniques. The 
hi refractory materials suitable for coating .nonolithic or 
composite ceramic bodies according to the present invention 
include the refractory carbides, nitrides, and carbonitr ides 
of titanium, zirconium, hafnium, vanadium, niobium, 
tantalum, chromium, molybdenum, and tungsten, and mixtures 
and solid solutions thereof, and alumina, zirconia, and 
hafnia, and mixtures and solid solutions thereof. Each 
layer may be the same or different from adjacent or other 
layers. Such coatings are especially advantageous when 
applied to cutting tools formed from the densified 
composites of the present invention. 

In accordance with yet another aspect of the 
invention, a process is provided for preparing the 
monolithic or composite bodies described above, densifying 
the materials to densities approaching theoretical density, 
i.e. greater than 98\ of theoretical, while achieving 
optimum levels of mechanical strength and toughness at bot* 
room temperature and elevated temperature, making the bodies 
particularly useful as cutting tools in metal removing, 
applications, or as structural components for turbine 
enq ines . 

The silicon aluminum oxynitride component, the 
densification aid. and optionally the hard refractory 
whiskers or fibers me blended to form a starting 
formulation or powder mixture. The powder mixture is then 
densified or compacted to a high density, for example by 
sintering, hot pressing, or hot isostatic pressing 
techniques . 
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A starting composition for the production of the 
touoh abraoion resistant materialo according to 

t rrr^r i'nv'ention may be .a- * 

4 i« 4 e silicon nitride and alumina, to 

7av r g Jcie sle below about 3 micron. Alterna- 

tively, a prereacted silicon aluminum oxynltride powder 

may be employed. 

Preferably, the silicon nitride and alumina powers 
„e added in sufficient quantities to be equivalent to 
about 99 -6S* by volume silicon nitride and 

i - of the total volume of the first ana 

— - r rea r 

Zponent preferably contains similar proportions of 
silicon nitride and alumina. 

Ossification of the silicon aluminum oxynitrldo- 
bas ed monolithic material or the silicon ^ ^" u ™ 
^ynitride/whlsKer composite material is aided by the 
,0 incorporation of one or more of the '^'^ ^ 
densific.tion aids into the initial powdered starting 
ma terlalB. or. as described in Patent 4,421.528, the 
denslilc-^lon aid may be incorporated into the prereacted 

POWde in the starting formulations employed in the 
fabrication, hard refractory whisKe,s or fibers option- 
fllly comprise about 10-50* of the total volume of the 
denslfiel article, a. described above, while the , deifi- 
cation aid comprises about 0.5-m by weight based on 
30 the combined weight of the denslflcation aid and the 

,w or the prereacted si J icon aluminum 
alumina powders or tne f 

oxynittidn powder. 
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The starting materials may be processed to a powder 
compact of adequate green strength by thoroughly mixing 
the matrix starting materials by processes such as dry 
milling or ball milling in a nonreactive liquid medium, 
such as toluene or methanol; admixing the whiskers or 
fibers, if included, by blending, preferably in a non- 
reactive liquid medium; and forming the mixture, for 
example by pressing, injection molding, extruding, or 
slip casting. Processing may also optionally include a 

10 presintering or prereacting step in which either the 
uncompacted materials or the compact is heated at moder- 
ate temperatures. 

Since the strength of monolithic or composite 
articles in accordance with this invention decreases with 
increasing porosity in the total compact, it is important 
that the compact be densified to a density as nearly 
approaching 100% of theoretical density as possible, 
preferably greater than 98% of theoretical density. The 
treasure of percent of theoretical density is obtained by 

20 a weighted average of the densities of the components of 
the compact. 

The microatructural tailoring of the ceramic mate- 
rials described heroin is critical to providing mono- 
lithic and composite bodies exhibiting both improved 
fracture toughness and improved strength. This micro- 
structural tailoring involves careful control of the 
silicon aluminum oxynitride grain size and aspect ratio. 
In the composite materials it also involves careful 
control of the dispersoid content and its size relative 
30 to the matrix grains. Thene sires are expressed as the 
equivalent diameters of the silicon aluminum oxynitride 
grains and the whiskers or fibers. By the term "equiva- 
lent diameter", as used throughout this specification and 
claims, is meant the average diameter of an equiaxed 
particle of the same volume as the particle, grain, 
whisker, or fiber. The terms "equivalent diameters", 
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-grain size", "aspect ratio", and the like, as used 
throughout this specification and claims, refer to the 
average values of these measurements within the ceramic 
body . 

An increase in both fracture toughness and strength 
of silicon aluminum oxynitride monolithic and composite 
materials with an increase in grain size is unexpected, 
since ceramics in general are expected to exhibit lower 
strength with increased grain size (Kingery, Introduction 
to Ceramics, John Wiley t Sons, Inc., NY, London 624 
(I960); Evans, J. Am. Cer. Soc, 65 , 127-137 (1982)). It 
has been further observed that silicon nitride ceramics 
containing alumina and yttria sintering aids exhibit this 
behavior (G. Watting et al., Sci. of Ceramics, Proc. Non 
Oxide Tech. and Eng. Ceramics , Limerick, Ireland (1986)). 

It has been found, however, that an increase in 
grain size and control of the aspect ratio of the silicon 
aluminum oxynitride, through the densif ication process 
according to the invention, can achieve an increase in 
fracture toughness with an unexpected concomitant in- 
crease in the strength of the silicon aluminum oxynitride 
body . 

Further, when reinforcing whiskers or fibers are 
included in the material, the whiskers or fibers being of 
a prescribed aspect ratio and relative siz», a further 
Increase in resistance to fracture may be achieved, again 
with a concomitant increase in strength. This too is 
unexpected in light of the teachings of U.S. Patent No. 
4,543,345, which states that additions of silicon carbide 
whiskers to silicon nitride bodies do not produce in- 
creased toughness. 

To achieve a monolithic or composite ceramic body 
according to the invention, the powder mixture described 
above is compacted and denfiified in nitrogen or an inert 
atmosphere, e.g. argon, at a pressure of about 3-30,000 
psi -ind a temperature of about 16S0- 1 8:0"C , and held at 
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the maximum temperature for a prolonged time, normally 
about 2-12 hours. The time at maximum temperature is 
sufficient to achieve grain growth in the silicon 
aluminum oxynitride component of the ceramic body and the 
microstructure described above. The improved properties 
of the resultant body are unexpected, in light of state- 
ments found in the prior art that extended times at high 
temperatures result In a decrease of fracture strength as 
well as fracture toughness (Zeigler, Heinrich, and 
Watting, J. Hater. Sci , 22, 3041-3086 (1987) ). 

The following Examples are presented to em ble those 
skilled in the art to more clearly understand and prac- 
tice the present invention. These Examples should not be 
considered as a limitation upon the scope of the present 
invention, but merely as being Illustrative and represen- 
tative thereof. 

EXAMPLE 1 

A powder mixture of 41.7% by weight silicon nitride, 
32.85% by weight alumina, and 4.02% by weight yttria is 
dry ball milled for 24 hours using silicon nitride 
milling media. The powder is processed in a graphite die 
coated with boron nitride, and is hot precsed at 3500 psi 
and 1725*C in nitrogen for 400 minutes. The ceramic 
bodies denaified for 400 minutes show an increase in both 
fracture toughr.css and modulus of rupture (i.e. strength) 
at room and elevated temperature over bodies denaified 
for shorter times. A turning operation is performed, 
using these ceramic bodies as cutting tools, on an 
Inconel wcrkpiece (Inconel 718 (R c 45)) at a cutting speed 
of 800 sfm and a feed rate of 0.006 in/rev. The depth of 
cut is 0.040 in. The bodies denaified for 400 minjte- 
show significantly less notch wear than those denaified 
for shorter times. These improved properties result from 
the increase in the equivalent grain diameter of the 
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silicon aluminum oxynitride grains with the increase in 
hot pressing time. 

EXAMPLE 2 

A powder mixture of the composition described above 
for Example 1, but with 30% o> volume of the powder 
mixture substituted by silicon carbide whiskers having an 
equivalent diameter of 1.95 microns and an aspect ratio 
of 6, is wet blended in methanol in a high shear blender 
to disperse the whiskers throughout the mixture. The 
blended mixture is then hot pressed as described above 
for Zxample 1 for 400 minutes. The resulting composite 
ceramic bodies exhibit improved properties and machining 
performance over the silicon aluminum oxynitride bodies 
of Examples 1. 

The densified monolithic and composite ceramic 
bodies according to the invention are hard, non-porous, 
and exhibit room %.nd elevated temperature strength and 
fracture toughness higher than that of conventional 
silicon aluminum oxynitride materials. These bodies are 
useful for ceramic articles including, but not limited to 
cutting tools, extrusion dies, nozzles, dies, bearings, 
and wear resistant structural parts. These articles are 
especially useful as c eramic component a*"" for heat engi nes 
and as shaped cutting tools for continuous or interrupted 
milling, turning, or bori ng of grey cast iron stock or 
high nickel (at leapt 50% nickel) alloy stock, e.g. 
Inconel . 

While there has been shown and described what are at 
present considered the preferred embodiments of the 
invention, it will be apparent to those skilled in the 
art that various changes and modifications can be made 
therein without departing from the scope of the invention 
as defined by the claims. 
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THE EMBODIMENTS OF THE INVENTION FOR WHICH AN EXCLUSIVE 
PROPERTY OR PRIVILEGE IS CLAIMED ARE DEFINED AS FOLLOWS : 

1. A densified silicon aluminum oxynitride-based 
ceramic body of improved fracture toughness and improved 
strength comprising : 

a first phase consisting essentially of silicon 
aluminum oxynitride grains having an aspect ratio of 
about 1-10 and an equivalent diameter of about 
0.25-10 microns, wherein if the aspect ratio is less 
than about 1.5 the equivalent diameter is at least 
about 0.4 microns and if the equivalent diameter is 
less than about 0.4 microns the aspect ratio is at 
least about 1.5; and 

an intergranular, bonding, silica-based second 
phase comprising silica and one or more suitable 
oxide densif ication aids; 

wherein the ceramic body is formed from a start- 
ing formulation comprising a silicon aluminum 
oxynitride component selected from the group con- 
sisting of prereacted silicon aluminum oxynitride 
and silicon nitride plus alumina, and about 0.5-12% 
by weight of the one or more densi f ication aids, 
based on the combined weight of the one or more 
densif ication aids and the silicon aluminum oxyni- 
tride component; and 

the ceramic body has a fracture toughness of at 
least 5.0 MPa'm* 1 and a modulus of rupture of at 
least 700 MPa. 

2. A ceramic body in accordance with claim 1 
wherein the one or more other densi f ication aid3 consist 
essentially of yttria, present in the starting formula- 
tion in an amount of about 2-81 by weight. 
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3. A ceramic body in accordance with claim 1 
wherein the silicon aluminum oxynitride grains have an 
equivalent diameter of about 0.25-3,5 microns, and an 
aspect ratio of about 1.5-10. 

4. A coated silicon aluminum oxynitride-based 
ceramic body of improved fracture toughness and improved 
strength comprising a ceramic body in accordance with 
claim 1 having deposited thereon an adherent, wear- 

10 resistant, refractory coating comprising one or more 
refractory layers. 

5. A ceramic body in accordance with claim 1 
further comprising refractory whiskers or fibers having 
an aspect ratio of about 3-150, uniformly distributed in 
the ceramic body; 

wherein the equivalent diameter of the whiskers 
or fibers is greater than that of the silicon 
aluminum oxynitride grains; and 
20 the starting formulation comprises the silicon 

aluminum oxynitride component, the one or more 
densification aids, and about 10-50% by volume 
refractory whiskers or fibers, based on the total 
volume of the ceramic body. 

6. A ceramic body in accordance with claim 5 
wherein the silicon aluminum oxynitride grains have an 
equivalent diameter of about 0.25-3.5 microns, and an 
aspect ratio of about 1.5-10. 



7. A ceramic body in accordance with claim 5 
wherein the refractory whiskers or fibers are of mate- 
rials selected from the group consisting of silicon 
carbide, silicon carbide coated with a refractory mate- 
rial, refractory metal carbides, refractory metal car- 
bides coated with a refractory material, refractory metal 



30 
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nitrides, and refractory metal nitrides coated with a 
refractory material. 

8. A coated silicon aluminum oxynitride-based 
ceramic body of improved fracture toughness and improved 
strength comprising a ceramic body in accordance with 
claim 5 having deposited thereon an adherent, wear- 
resistant, refractory coating comprising one or more 
refractory layers . 

9. A process for producing a densified silicon 
aluminum oxynitride-based ceramic body of improved 
fracture toughness and improved strength comprising the 
step of: 

densifying a blended powder mixture comprising a 
silicon aluminum oxynitride component selected from 
the group consisting of prereacted silicon aluminum 
oxynitride and silicon nitride plus alumina/ and 
about 0.5-12% by weight of one or more suitable 
oxide densif ication aids, based on the combined 
weight of the one or more densif ication aids and the 
silicon aluminum oxynitride component, in a nitrogen 
or inert atmosphere at about 1650-1850°C and about 
3-30,000 psi , for a time sufficient to produce a 
ceramic body comprising: 

a first phase consisting essentially of silicon 
aluminum oxynitride grains having an aspect ratio of 
about 1-10 and an equivalent diameter of about 
0.25-10 microns, wherein if the aspect ratio is less 
than about 1.5 the equivalent diameter is at least 
about 0.4 microns and if the equivalent diameter is 
less than about 0.4 microns the aspect ratio is at 
least about 1.5; and 

an intergranular , bonding, silica-based second 
phase comprising silica and the one or more densif i- 
cation aids; 
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and having a fracture toughness of at least 5.0 
MPa'm* 5 and a strength of at least 700 MPa. 

10. A process in accordance with claim 9 wherein the 
one or more densi f icat ion aids consist essentially of 
yttria, the yttria being present in the powder mixture in 
an amount of about 2-8% by weight. 

11. A process in accordance with claim 9 further 
comprising the step of depositing on the densified 
ceramic body an adherent, wear-resistant, refractory . 
coating comprising one or more refractory layers. 

12. A process in accordance with claim 9 wherein the 
silicon aluminum oxynitride grains in the densified 
ceramic body have an equivalent diameter of about 
0.25-3.5 microns, and an aspect ratio of about 1.5-10. 

13. A process in accordance with claim 9 wherein the 
blended powder mixture densified in the densifying step 
further comprises about 10-50% by volume of refractory 
whiskers or fibers having an aspect ratio of about 3-150, 
based on the total volume of the ceramic body; and the 
equivalent diameters of the whiskers or fibers and the 
silicon aluminum oxynitride component in the powder 
mixture, and the densif ication time are selected to 
produce the densified ceramic body in which the equiva- 
lent diameter of the whiskers or fibers is greater than 
that of the silicon aluminum oxynitride grains. 

14. A process in accordance with claim 13 wherein 
the refractory whiskers or fibers are of materials 
selected from the group consisting of silicon carbide, 
silicon carbide coated with a refractory material, 
refractory metal carbides, refractory metal carbides 
coated with a refractory material, refractory metal 

I? 
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nitrides, and refractory metal nitrides coated with a 
refractory material. 

15. A process in accordance with claim 13 wherein 
the equivalent diameter of the whiskers or fibers in the 
densified ceramic body is about 0.3-10.0 microns, and the 
equivalent diameter of the silicon aluminum oxynitride 
grains is about 0.25-3.5 microns. 

16. A process in accordance with claim 13 further 
compri ing the step of depositing on the densified 
ceramic body an adherent, wear-resistant, refractory 
coating comprising one or more refractory layers. 

17. A method for continuous or interrupted machining 
of grey cast iron stock comprising the step of milling, 
turning, or boring the stock with a cutting tool com- 
prising a densified silicon aluminum oxyni tride-based 
ceramic body having a fracture toughness of at least 5.0 
MPa*!^ and a modulus of rupture of at least 700 MPa, the 
ceramic body comprising: 

a first phase consisting essentially of silicon 
aluminum oxynitride grains having an aspect ratio of 
about 1-10 and an equivalent diameter of about 
0.25-10 microns, wherein if the aspect ratio is less 
than about 1.5 the equivalent diameter is at least 
about 0.4 microns and if the equivalent diameter is 
les3 than about 0.4 microns the aspect ratio is at 
least about 1.5; and 

an intergranular , bonding, silica-based second 
phase comprising silica and one or more suitable 
oxide densif icat ion aids; 

wherein the ceramic body is formed from a start- 
ing formulation comprising a silicon aluminum 
oxynitride component selected from the group con- 
sisting of prereacted silicon aluminum oxynitride 
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and silicon nitride plus alumina, and about 0.5-12% 
by weight of the one or more densif ication aids, 
based on the combined weight of the one or more 
densif ication aids and the silicon aluminum oxyni- 
tride component; 

wherein the machining speed is about 800-6000 sfm and the 

feed rate is about 0.01-0.04 in/rev. 

18. A method for continuous or interrupted machining 
10 of nickel-based superalloy stock comprising the step of 
milling, turning, or boring the stock with a cutting tool 
comprising a densified silicon aluminum oxynitride-based 
ceramic body having a fracture touahness of at least 5.0 

L 

MPa'm and a modulus of rupture of at least 700 MPa, the 
ceramic body comprising: 

a first phase consisting essentially of silicon 
aluminum oxynitride grains having an aspect ratio of 
about 1-10 and an equivalent- liameter of a*->out 
0.25-10 microns, wherein if the aspect ra» lo ia less 
20 than about 1.5 the equivalent diameter is at least 

about 0.4 microns and if the equivalent diameter is 
less than about 0.4 microns, the aspect ratio is at 
least about 1.5; and 

an intergranular , bonding, silica-based second 
phase comprising silica and ore or more suitable 
oxide densificflHon aids; 

wherein the ceramic body is formed from a start- 
ing formulation comprising a silicon aluminum 
oxynitride component selected from the group con- 
30 sisting of prereacted silicon aluminum oxynitride 

and silicon nitride plus alumina, and about 0.5-12% 
by weight of the one or more densif ication aids, 
based on the combined weight of the cne or more 
densif ication aid3 and the silicon aluminum oxyni- 
tride component; 
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wherein the machining speed is about 200-1500 sfm and the 
feed rate is about 0.005-0.04 in/rev. 
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